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New rhenium–osmium data for high-MgO (>9 wt.%) basalts from the Galápagos Archipelago reveal 
a large variation in 187Os/188Os (0.1304 to 0.173), comparable with the range shown by primitive 
global ocean island basalts (OIBs). Basalts with the least radiogenic 187Os/188Os occur closest to 
the Galápagos plume stem: those in western Galápagos have low 187Os/188Os, moderate 87Sr/86Sr, 
143Nd/144Nd, 206Pb/204Pb and high 3He/4He whereas basalts in the south also have low 187Os/188Os but 
more radiogenic 87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb and 3He/4He. Our new Os isotope data are consistent 
with the previously established spatial zonation of the common global isotopic mantle reservoir “C” and 
ancient recycled oceanic crust in the mantle plume beneath western and southern parts of Galápagos, 
respectively.
Galápagos basalts with the most radiogenic 187Os/188Os (up to 0.1875) typically have moderate MgO 
(7–9 wt.%) and low Os (<50 pg g−1) but have contrastingly unenriched Sr, Nd and Pb isotope signatures. 
We interpret this decoupling of chalcophile and lithophile isotopic systems as due to assimilation of 
young Paciﬁc lower crust during crystal fractionation. Mixing models show the assimilated crust must 
have higher contents of Re and Os, and more radiogenic 187Os/188Os (0.32), than previously proposed for 
oceanic gabbros. We suggest the inferred, exceptionally-high radiogenic 187Os of the Paciﬁc crust may 
be localised and due to sulﬁdes precipitated from hydrothermal systems established at the Galápagos 
Spreading Centre.
High 187Os/188Os Galápagos basalts are found where plume material is being dispersed laterally away 
from the plume stem to the adjacent spreading centre (i.e. in central and NE parts of the archipelago). 
The extent to which crustal processing inﬂuences 187Os/188Os appears to be primarily controlled by 
melt ﬂux: as distance from the stem of the Galápagos plume increases, the melt ﬂux decreases and 
crustal assimilation becomes proportionally greater, accounting for co-variations in Os and 187Os/188Os. 
The Os concentration threshold below which the 187Os/188Os of Galápagos basalts are contaminated 
(100 pg g−1) is higher than the canonical value (<50 pg g−1) assumed for many other global OIBs (e.g. for 
Iceland, Grande Comore and Hawaii). This most likely reﬂects the low overall melt ﬂux to the crust from 
the Galápagos plume, which has only a moderate excess temperature and buoyancy ﬂux. Our ﬁndings 
have implications for the interpretation of 187Os/188Os ratios in other ocean island settings, especially 
those where large variations in 187Os/188Os have been linked to heterogeneity in mantle lithology or 
sulﬁde populations: the effect of crustal contamination on 187Os/188Os may be greater than previously 
recognised, particularly for basalts associated with weak, low melt ﬂux mantle plumes, such as Tristan, 
Bouvet, Crozet and St Helena.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Models invoking lithological heterogeneity of the convecting 
mantle have been widely adopted to explain elemental and iso-
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0012-821X/© 2016 The Author(s). Published by Elsevier B.V. This is an open access artictopic variations in suites of ocean-island basalts (OIBs). Neverthe-
less, evidence for the extent of this heterogeneity remains con-
tentious, especially the contribution of melts derived from recycled 
oceanic crust, i.e. pyroxenite/eclogite, compared to interaction of 
melts with the modern oceanic lithosphere. One approach adopted le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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utilizes the chalcophile 187Re–187Os isotopic system, which is dis-
tinct from lithophile radiogenic isotopic systems (i.e. Sr, Nd, Pb and 
Hf) because of the large difference in compatibilities of the par-
ent and daughter elements during mantle melting: on a bulk scale, 
rhenium is moderately incompatible and osmium is strongly com-
patible (Allègre and Luck, 1980). Decay of 187Re to 187Os causes 
oceanic crust with high Re/Os (i.e. gabbro and basalt) to rapidly 
develop supra-chondritic 187Os/188Os isotopic ratios while peri-
dotite melt residues in the lithospheric mantle have low Re/Os and 
unradiogenic 187Os/188Os. Radiogenic 187Os/188Os is therefore be-
lieved to be a particularly sensitive indicator of ancient recycled 
crust, and coupled correlations of Os isotopic ratios with those of 
Sr–Nd–Pb and O have been interpreted as evidence of mixing of 
melts from peridotite and subducted oceanic crust in the convect-
ing mantle, e.g. Reisberg et al. (1993), Hauri et al. (1996), Class et 
al. (2009), Day et al. (2009).
Osmium is highly-compatible during sulﬁde fractionation from 
primary magmas (Burton et al., 2002), and the low Os (<50 pgg−1) 
of oceanic basalts makes their 187Os/188Os ratios particularly sus-
ceptible to shallow level contamination either by: gabbros in 
the lower oceanic crust (Os = 55 pgg−1, initial 187Os/188Os =
0.142; e.g. Peucker-Ehrenbrink et al., 2012); interaction with sea-
water (Os = 0.01 pg g−1, 187Os/188Os = 1.06; Levasseur et al., 
1998) or seawater-altered crust (Gannoun et al., 2007). While up-
per oceanic crust can acquire a high initial 187Os/188Os (0.173; 
Peucker-Ehrenbrink et al., 2003) it typically has a low Os con-
tent (<20 pgg−1; Gannoun et al., 2007) and assimilation of young 
material of this type has a limited effect on the Os isotopic ra-
tios of primitive basalts. The elevated 187Os/188Os ratios of low 
Os (<50 pgg−1) oceanic basalts emplaced through young crust 
(<25 Ma; e.g. Iceland, Azores, Pitcairn; Skovgaard et al., 2001; 
Eisele et al., 2002; Widom and Shirey, 1996) have been attributed 
to contamination by seawater, assimilation of shallow-level vol-
canic crust or marine sediments whereas the elevated 187Os/188Os 
ratios of low Os (<50 pg g−1) basalts emplaced through ‘old’ 
oceanic crust have been linked to assimilation of lower crust with 
highly-radiogenic 187Os/188Os, (e.g. Canary Islands and Grande Co-
more; Class et al., 2009; Day et al., 2010).
Attempts to constrain the composition of recycled material in 
the convecting mantle have focused on 187Os/188Os of OIBs with 
high MgO and Os contents, e.g. Bennett et al. (2000), Hauri et 
al. (1996), Lassiter and Hauri (1998), Dale et al. (2009b), Debaille 
et al. (2009), Day et al. (2009), Yang et al. (2013). Nevertheless, 
Harvey et al. (2011) proposed that the broad spectrum of Os and 
187Os/188Os displayed by high Os (>40 pg g−1) OIBs results from 
sequential melting of different sulphide populations in the con-
vecting mantle, rather than lithological heterogeneities, and the 
causes of variability in 187Os/188Os of OIBs therefore remain un-
clear.
We present the ﬁrst osmium isotopic ratios, together with Re 
and Os contents, of recent, high-MgO (>7 wt.%) basalts in the 
Galápagos Archipelago. Lavas in this region exhibit large varia-
tions in elemental and Sr–Nd–Pb–Hf and He isotopic ratios that 
are widely believed to result from melting of different reservoirs 
in the upwelling Galápagos mantle plume (e.g. White et al., 1993;
Hoernle et al., 2000; Harpp and White, 2001). We combine our 
Re–Os data with published geochemical analyses of Galápagos 
basalts, and the results of geophysical investigations, in order to 
explain regional differences in Os isotopes. Our ﬁndings for Galá-
pagos, where detailed information about the underlying crust and 
plume structure is readily available, provide new constraints on the 
causes of variability in Os isotope systematics for global oceanic 
basalts.2. Summary of the tectonic setting and volcanic activity in 
Galápagos
The Galápagos hotspot is located 160 km to 250 km south 
of the Galápagos Spreading Centre (GSC, Fig. 1) and the region 
is an archetypal example of plume-ridge interaction. The thick-
ness of the Galápagos lithosphere and plume structure have been 
described in recent investigations and are known in as much, if 
not greater, detail than any other archipelago. Body wave studies 
have shown that at depths >200 km the mantle plume stem re-
sides beneath western Galápagos, which coincides with the region 
of most active volcanism (Villagómez et al., 2014). At shallower 
depths material is laterally dispersed from the plume stem to-
wards the GSC. The distribution of historic volcanism on islands 
between the plume stem and ridge is largely controlled by local 
variations in lithospheric thickness and a conﬁned NE channel of 
high-temperature, low-viscosity ﬂow embedded within the normal 
advection and spreading of the plume (Gibson et al., 2015).
Galápagos volcanism is dominated by mildly alkaline and 
tholeiitic basalts with sub-ordinate trachytes and rhyolites and 
activity broadly decreases in age from <4 Ma in the east of 
the archipelago to <1 Ma in the west (White et al., 1993;
Geist et al., 2014). The different shield volcanoes on Isabela (Vol-
cans Cerro Azul, Sierra Negra, Alcedo, Darwin, Wolf & Ecuador) 
and the volcano on Fernandina have the largest calderas, reaching 
up to 9 km in diameter, and are built on strong, thick lithosphere 
(Feighner and Richards, 1994). The western volcanoes are supplied 
by a greater melt ﬂux than currently occurs further east in the 
archipelago (Geist et al., 1998).
Large regional variations in elemental ratios and Sr, Nd, Pb, Hf 
and He isotope compositions of Galápagos basalts have been at-
tributed to spatial zonation in the underlying mantle plume (e.g.
White et al., 1993; Hoernle et al., 2000; Harpp and White, 2001). 
Harpp and White (2001) identiﬁed four isotopically-distinct Galá-
pagos mantle reservoirs: PLUME, which occurs in western Galápa-
gos and resembles the common (“C”) global plume reservoir; De-
pleted Galápagos Mantle, which is prevalent in central and eastern 
Galápagos and similar to global depleted mantle; and isotopically 
enriched Floreana (FLO) and Wolf–Darwin components, found in 
southern and northwestern Galápagos, respectively. The FLO reser-
voir is thought to contain ancient, altered oceanic crust that has 
been isolated in the convecting mantle (Harpp et al., 2014).
3. Methods
Olivine grains were analysed for major and some trace elements 
using a Cameca SX 100 in the Department of Earth Sciences, Uni-
versity of Cambridge. Whole-rock powders with published major 
element analyses were digested and then analysed for a range of 
trace elements on a PerkinElmer Elan DRC II quadrupole Induc-
tively Coupled Plasma (ICP) – Mass Spectrometer (MS) in the De-
partment of Earth Sciences, University of Cambridge and for Sr, Nd 
and Pb isotopes using a ThermoFinnigan Neptune Multi-collector 
ICP-MS in the Department of Earth Sciences, Durham University 
(see Supplementary File Tables S2, S3 and S4 and Gibson et al., 
2012 for detailed descriptions of techniques).
Re–Os analyses were undertaken on subsets of samples at the 
Max-Planck-Institut für Chemie, Mainz in 2000 and in the Depart-
ment of Earth Sciences, Durham University in 2013. In both cases, 
1.5 to 2 g of sample powder was digested and equilibrated with 
a 190Os–185Re spike using ∼16 mol l−1 HNO3 and ∼12 mol l−1
HCl, in 3:2 or 2:1 proportions (see Supplementary File for further 
details of digestion techniques). Osmium was loaded onto Pt ﬁla-
ments and analysed as OsO−3 by negative-thermal ionisation mass 
spectrometry (N-TIMS) using either a Finnigan MAT 262 (Mainz) 
or a ThermoFinnigan Triton (Durham). All relevant masses were 
S.A. Gibson et al. / Earth and Planetary Science Letters 449 (2016) 345–359 347Fig. 1. (a) Distribution of volcanic islands in the Galápagos Archipelago and their relationship to the Galápagos Spreading Centre (GSC), and Galápagos plume stem imaged at 
a depth of 200 km (Villagómez et al., 2014). At depths shallower than ∼150 km plume material is dispersed laterally towards the GSC. (b) Comparison of regional variations 
of γOs (([187Os/188Ossample(t)/187Os/188OsPUM(t)] − 1) × 100 PUM(t)) is present-day primitive mantle = 0.1296 (Meisel et al., 2001) in Galápagos basalts with thickness of 
the Galápagos crust. Dashed black line shows the boundary between thick, strong lithosphere in the west and thin, weak lithosphere in the east of Galápagos (Feighner 
and Richards, 1994). Bathymetric contours highlight the location of the Galápagos platform and surrounding seamounts. Abbreviations for sample locations on Isabela are as 
follows: CA, Cerro Azul; D, Volcan Darwin; E, Volcan Ecuador.measured sequentially using an axial secondary electron multi-
plier. Data were corrected oﬄine for oxygen isotope interferences, 
spike-unmixing and mass fractionation (using 192Os/188Os ratios of 
3.082678 (Mainz) and 3.08271 (Durham); these different values 
are insigniﬁcant at the level of precision required and measured 
on 187Os/188Os. Counts on mass 233 (185ReO−3 ) were typically in-
signiﬁcant for the precision required (<5 counts per second), with 
no correlation with mass 235, and thus no Re correction was made. Repeated analyses of Os in-house standard solutions gave average 
187Os/188Os values of 0.10696 ± 0.00005 for 35 pg loads (n = 73) 
and 0.16108 ± 0.00016 for 10 pg aliquots (n = 23) at Mainz and 
Durham, respectively. At Mainz, Re was analysed on a Finnigan 
MAT 262 N-TIMS. Repeated measurements of a Johnson Matthey 
Re standard gave an external uncertainty of 0.1% (2 s.d.; n = 57). 
At Durham, Re was measured on a ThermoFinnigan Element 2 ICP–
MS. A Romil standard Re solution (1 ng g−1) was analysed during 
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Re–Os compositions of Galápagos basalts.
Sample No. Re 
(pg g−1)
Os 
(pg g−1)
187Os/188Os 2σ γOs MgO 
(wt.%)
87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb
Western Galápagos
R. Redonda R9512a 84.3 32.2 0.13037 0.00051 0.60 17.44 0.703217 0.512951 19.336 15.612 39.076
Fernandina AHA D25Aa 457 69.4 0.13412 0.00014 3.49 11.09 0.703249 0.512929 19.055 15.556 38.706
Fernandina AHA 32Da 910 149 0.13291 0.00007 2.55 11.5 0.703218 0.512933 19.065 15.563 38.726
Fernandina AHA 32D (repeat)a 709 142 0.13249 0.00011 2.23
V. Ecuador E95 10a 265 31.6 0.13441 0.00023 3.71 9.36
V. Ecuador E95-02b 109 0.15393 0.00051 18.8 12.29 0.703271 0.512934 19.289 15.601 39.037
V. Ecuador E97-134b 83.8 0.15340 0.00029 18.4 10.74 0.703050 0.512956 19.209 15.592 38.888
Cerro Azul G192-11Aa 478 36.5 0.13918 0.00020 7.39 10.66 0.703302 0.512953 19.377 15.561 38.993
V. Darwin E-64b 552 0.13803 0.00018 6.50 9.44
Southern Galápagos
Floreana FL03-20a 284 87.7 0.14109 0.00009 8.87 12.85 0.703485 0.512951 20.061 15.658 39.782
Floreana FL03-106a 253 109 0.13014 0.00013 0.42 12.91 0.703447 0.513001 19.886 15.648 39.604
Floreana E-110b 86.1 0.13853 0.00025 6.89 11.07 0.703600 0.512975 19.785 15.636 39.516
Floreana FL-3b 154 0.13471 0.00045 3.94 12.79 0.703660 0.512905 20.002 15.657 39.739
Central Galápagos
W. Santiago 08DSG33a 150 50.6 0.15951 0.00020 23.1 9.37 19.129 15.588 38.785
W. Santiago 07DSG61a 314 73.6 0.14157 0.00012 9.23 10.73 0.703009 0.513019 18.981 15.582 38.632
W. Santiago E-76b 227 0.16144 0.00036 24.6 14.34 0.702860 0.513002 19.050 15.580 38.656
W. Santiago E-20b 59.2 0.15322 0.00032 18.2 9.89 0.702940 0.512980 19.022 15.582 38.726
E. Santiago 07DSG72a 498 52.5 0.15538 0.00016 19.9 9.83 0.702819 0.513057 18.690 18.690 38.263
E. Santiago 08DSG42a 277 15.7 0.16321 0.00044 25.9 10.37 0.702926 0.513040 18.718 15.535 38.275
E. Santiago 08DSG16a 157 34.2 0.14707 0.00023 13.5 9.19 0.702864 0.513057 18.749 15.546 38.329
E. Santiago 08DSG04a 327 49.9 0.15453 0.00016 19.2 10.09 0.702752 0.513073 18.594 15.535 38.175
Santa Cruz E-1b 21.2 0.18303 0.00047 41.2 10.43 0.702630 0.513077 18.514 15.520 38.048
North East Galápagos
Genovesa E-169b 21.3 0.18751 0.00078 44.7 8.09 0.702720 0.513127 18.387 15.511 37.941
Pinta P-24b 46.0 0.17318 0.00035 33.6 7.23 0.703130 0.512943
Analyses in bold are from this work. Sources of additional data are given in Table S4.
Because of the relatively young age of basalts from western Galápagos (<1 Ma) and imprecise but young ages (< 4 Ma) for basalts from the rest of the archipelago we have 
not corrected measured 187Os/188Os for in-growth of 187Os. This does not signiﬁcantly affect our ﬁndings as the correction for in-growth of 187Os to a 4 Ma sample with a 
Re/Os of ∼18 (17 ppt Os and 300 ppt Re) and 187Os/188Os of 0.15 would involve a difference in 187Os/188Os of only ∼0.006.
a Denotes Re–Os analyses performed at the University of Durham.
b Analyses at the University of Mainz. Good reproducibility is demonstrated by duplicate analysis of basalt AHA-32D, for which the standard deviation (2σ ) on the 
187Os/188Os and Os concentrations were <0.5% and 7%, respectively. The variation in Re content was greater, at 35% (Table 1). Repeat analyses of the reference material 
TDB-1 provide a longer-term test of reproducibility which included the second analytical session (Durham): This gave a standard deviation (2σ ) of ∼ 20% for Os content and 
4% for Re (n = 4), giving rise to a 20% variation in 187Os/188Os due to ingrowth over >1000 Ma.each session to quantify the mass fractionation and a correction 
applied; this effect was always <2% on the sample concentration. 
Total procedural blanks for Mainz were 0.2–1.5 pg Os, 0.1–0.5 pg 
Re (n = 8) with 187Os/188Os of 0.14–0.17 and Durham 0.25–1.9 pg 
Os, 0.5–1.2 pg Re (n = 3) with 187Os/188Os of 0.145–0.17.
4. Osmium isotope ratios of Galápagos basalts
4.1. Samples
Twenty-three samples, encompassing the full Sr-, Nd- and Pb-
isotopic range displayed by Galápagos basalts, were analysed for 
187Os/188Os. We focused on the most primitive samples available 
from each island, speciﬁcally those with high bulk-rock Ni con-
tents because of the similar behaviour of Os and Ni during crystal 
fractionation, albeit due to compatibility in different phases (Os in 
sulﬁdes and Cr-spinel, Ni in silicate phases Burton et al., 2000). In 
most cases we analysed samples with >200 μg g−1 Ni, >9 wt.% 
MgO and Mg# (Mg/Mg + Fe) => 0.6, exceptions were islands in 
NE Galápagos where the most primitive basalts have <100 μg g−1
Ni, 7 to 9 wt.% MgO and Mg# = 0.5 to 0.63 (Fig. S1).
Ni and Cu sulphides are rare in Galapagos basalts but when 
present occur as either ∼10 μm inclusions in olivine or as ∼10 μm 
rounded globules in the matrix glass (Fig. S2). In the samples from 
western and southern Galápagos (Fernandina, Isabela, Roca Re-
donda, Floreana) olivine occurs as both euhedral phenocrysts and 
large, strained macrocrysts with undulose extinction but in central 
(Santiago) and NE Galápagos (Pinta and Genovesa) it is predomi-nantly present as euhedral phenocrysts (Table S1). Since olivine in 
Galápagos basalt is associated with Cr-spinel or sulﬁde inclusions, 
we have examined the possible effects of loss and accumulation 
of this phase on bulk-rock compositions. Co-variations between 
bulk-rock Mg# and forsterite content of the olivines (Table S2) 
suggest they are in equilibrium with the host magma at crustal 
pressures (Fig. S3) and, importantly, the samples (with the excep-
tion of R9512) have not undergone extensive loss or accumulation 
of olivine.
4.2. Os and Re contents of Galápagos basalts
Osmium contents of Galápagos basalts range from 15 to 
552 pgg−1 (Table 1) and generally exhibit a positive correlation 
with MgO, Ni and Cr (Fig. 2). Exceptions are: the Roca Redonda 
sample (R9512) that has low Os (32 pg g−1) given its high MgO 
(17.4 wt.%), Ni (510 μg g−1) and Cr contents (625 μg g−1); and a 
Volcan Darwin sample (E64) that has high Os (553 pgg−1) and 
modest MgO (9.44 wt.%; Table 1, Table S4). The co-variation of 
Os with MgO, Ni and Cr shown by Galápagos basalts is more sys-
tematic than has been observed for lavas from other OIBs and we 
attribute the relationship between Ni, MgO and Os to coupled crys-
tallization of silicates and sulﬁdes. We have used our whole-rock 
data with fractional crystallisation equations to calculate a bulk 
partition coeﬃcient (D) for an early crystallising assemblage of 
olivine, Cr-spinel and sulﬁde. The best ﬁt to our observed data is 
for a DOs of ∼15 (Fig. 2). This is much greater than the estimated 
Dolivine of 0.51 (Burton et al., 2002) and represents preferential Os
S.A. Gibson et al. / Earth and Planetary Science Letters 449 (2016) 345–359 349Fig. 2. Variation of (a) MgO and (b) Ni with Os; (c) MgO with 187Os/188Os and (d) Cr with Os in Galápagos basalts. In (a) solid curve shows predicted crystal fractionation 
trend for a melt similar to submarine Fernandina picrite AHA19A, which has 14 wt.% MgO and 419 μg g−1 Ni (Geist et al., 2006) and an estimated Os content of 200 pg g−1. 
Fractionation curves were calculated using the thermodynamic modelling program Petrolog3 (Danyushevsky and Plechov, 2011). For an early crystallising assemblage of 
olivine + Cr spinel + sulﬁde a D value for Os of 15, together with DOs clinopyroxene = 0.3 and DOs plagioclase = 0.3, provided the best ﬁt to the observed whole-rock 
data. Tick marks at 5%, 10% and 20% are for fractionation of olivine + Cr spinel + sulﬁde. In (b) D values for Ni are from Beattie et al. (1991). 187Os/188Os for primitive 
mantle is from Meisel et al. (2001). Data sources are given in a Supplementary File. Speciﬁc symbols refer to locations given in Fig. 1.partitioning of Os into sulﬁdes, rather than simply into olivine, 
during the early stages of fractional crystallisation (e.g. Jackson and 
Shirey, 2011).
Galápagos basalts exhibit a relatively large variation in Re (80 
to 910 pgg−1, Table 1), which displays a scattered correlation with 
both MgO and Ni contents. The highest Re contents occur in sub-
marine Fernandina basalts (western Galápagos); the wide range in 
Re contents of other Galápagos basalts – and variability with re-
spect to Cu (which has similar compatibility Fig. S4) – may be due 
to Re loss during sub-aerial degassing (Bennett et al., 2000).
4.3. 187Os/188Os characteristics of Galápagos basalts
The 187Os/188Os compositions of Galápagos basalts vary from 
0.130 to 0.1875 (γOs = 0.5 to 45, where γOs = ([187Os/
188Ossample(t)/187Os/188OsPUM(t)] − 1) × 100 and PUM(t) is present-
day primitive upper mantle = 0.1296; Meisel et al., 2001; Table 1). 
Despite local and sometimes intra-island variations in 187Os/188Os, 
e.g. Volcan Ecuador (Table 1), there is a broadly-systematic regional 
variation in Os isotopic ratios (Fig. 1b). Recently erupted basalts 
(<1 Ma) with relatively unradiogenic 187Os/188Os ratios occur in: 
(i) western Galápagos (Roca Redonda and Fernandina), near the 
leading edge of the Galápagos plume and on the platform margins 
and (ii) 1.5 Ma to 779 ka ﬂows on Floreana which, assuming a ve-
locity of the Nazca plate of 20 kmMyr−1, would have been located near the southern margin of the plume stem at the time of their 
emplacement (Harpp et al., 2014).
The most radiogenic 187Os/188Os ratios occur in recent basalts 
from central and NE Galápagos (Fig. 1b). High 187Os/188Os ratios 
were measured in basalts with >50 pg g−1 Os from Santiago (up 
to 0.155) and northern Isabela (Volcan Ecuador; 0.153). Even more 
radiogenic 187Os/188Os ratios (up to 0.1875) were measured in 
basalts with <50 pgg−1 Os on Genovesa, Pinta and Santa Cruz. 
While 187Os/188Os exhibits a broad inverse relationship with MgO 
and Os content (Fig. 2), we note that Galápagos lavas with similar 
MgO contents exhibit a large inter-island variation in 187Os/188Os. 
For example, Fernandina submarine basalts with ∼11 wt.% MgO 
have 187Os/188Os ratios of 0.133, while <1Ma basalts from Isla San-
tiago (70 km east in central Galápagos) with comparable MgO and 
Os contents have 187Os/188Os ranging from 0.142 to 0.163 (Table 1).
The combined relatively unradiogenic 187Os/188Os (0.1329–
0.1342), moderate 143Nd/144Nd (0.51292–0.51296) and 206Pb/204Pb 
(19.05–19.1), high 3He/4He (up to 29 R/Ra) and δ18O (5.6 ± 1) 
of Fernandina basalts (White et al., 1993; Geist et al., 1998;
Harpp and White, 2001; Kurz et al., 2009) support the hypothe-
sis that their parental melts are derived from “C” like, primitive, 
lower mantle (Fig. 3) and suggests that their Os systematics are 
most likely controlled by sulﬁde in this mantle source (cf. Harvey 
et al., 2011). Similarly, we interpret the unradiogenic 187Os/188Os 
(0.1304) of the Roca Redonda picrite as evidence that, despite 
signiﬁcant accumulated olivine (Fo83.3; Vidito et al., 2013) and ap-
350 S.A. Gibson et al. / Earth and Planetary Science Letters 449 (2016) 345–359Fig. 3. (a) and (b) Co-variations in Os-, Sr- and Nd-isotopes in Galápagos basalts and global ocean islands. Compositions of Galápagos mantle reservoirs are as follows: PLUME, 
187Os/188Os = 0.1296, 87Sr/86Sr = 0.70328, 143Nd/144Nd = 0.51289; Depleted Galápagos Mantle (DGM), 187Os/188Os = 0.127, 87Sr/86Sr = 0.70243, 143Nd/144Nd = 0.51317; 
Floreana (FLO) 187Os/188Os = 0.147, 87Sr/86Sr = 0.70450, 143Nd/144Nd = 0.51283. The enriched Wolf–Darwin component, which is prevalent in islands northwest of the 
main Galápagos platform, makes a negligible contribution to basalts analysed for 187Os/188Os. Note that the 187Os/188Os of PLUME and DGM are assumed to be the same as 
primitive and MORB-source mantle, respectively (Meisel et al., 2001; Gannoun et al., 2007). Mixing curves at 20% increments between PLUME, DGM, FLO and lower crust 
with the 187Os/188Os composition of Blusztajn et al. (2000) are shown in (c) and sulﬁde-bearing lower oceanic crust for Galápagos with the Sr composition of Hart et al.
(1999) are shown in (d). Note that the effect of assimilation on Os isotopes is more signiﬁcant than on 87Sr/86Sr, which is consistent with the Sr–Nd isotope variations 
primarily reﬂecting mantle source heterogeneity. Data are from: Table 1 and sources are given in a Supplementary File. Speciﬁc symbols refer to locations given in Fig. 1.parent stalling of the parental melt in the crust, it has reached the 
surface with little crustal interaction.
Harpp and White (2001) showed that in Sr- Nd- and Pb-isotopic 
space the FLO (Floreana) mantle reservoir in southern Galápa-
gos lies on a hyperbolic mixing curve between PLUME and global 
subducted, altered 2 Ga oceanic crust (HIMU). The 187Os/188Os ra-
tios of Floreana basalts vary from 0.130–0.141. The sample with 
the least radiogenic 187Os/188Os (0.13014; FLO3-106) has moder-
ately radiogenic 143Nd/144Nd (0.5130) and 206Pb/204Pb (19.89). By 
extrapolating to the previously estimated 206Pb/204Pb of the FLO 
endmember (21.2; Harpp and White, 2001) in Fig. 4 we infer this 
reservoir has a 187Os/188Os ratio of 0.147. The two most radiogenic 
Floreana basalts (E110 and FL-3; 187Os/188Os = 0.139–0.141) have 
similar 206Pb/204Pb ratios (19.8–20) and plot on a mixing curve 
between melts of Galápagos FLO and PLUME reservoirs and an 
endmember with high 187Os/188Os.
Surprisingly, the Os isotopic ratios of central and NE Galápa-
gos basalts exhibit broadly negative and positive correlations with 
Sr and Nd isotopic ratios, respectively (Fig. 3). These basalts have 
MORB-like Sr and Nd isotopic ratios, with unradiogenic Pb, but their 187Os/188Os are more radiogenic (0.147–0.188) than present-
day MORB (0.126–0.14; Gannoun et al., 2007), primitive upper 
mantle (0.1296; Meisel et al., 2001) and global OIBs derived from 
the “C” plume reservoir (0.1245–0.1314; Tejada et al., 2015). Sim-
ilar relationships between Pb and Os isotopic ratios of global 
OIBs with >30–40 pgg1 Os have been interpreted as mixing of 
primitive enriched “C”-like plume melts with ancient recycled py-
roxenite (e.g. Lassiter and Hauri, 1998; Skovgaard et al., 2001;
Day et al., 2009): Fig. 4. Although this interpretation cannot be 
completely ruled out, we note that the combined unradiogenic 
Sr-, Pb- and radiogenic Nd-isotope characteristics of some cen-
tral and NE Galápagos basalts are not consistent with a signiﬁcant 
contribution from ancient recycled oceanic crust. Melting of this 
mantle reservoir would result in basalts with combined radiogenic 
206Pb/204Pb and 187Os/188Os ratios, similar to those that we have 
identiﬁed at Floreana (Fig. 4). Thus, the origin of these isotopic 
covariations in global OIB remains unclear. Here we present an al-
ternative mechanism for generating the radiogenic Os signature, 
based on a greater understanding of magma ﬂux and lithospheric 
structure at Galápagos.
S.A. Gibson et al. / Earth and Planetary Science Letters 449 (2016) 345–359 351Fig. 4. Plot of 206Pb/204Pb versus 187Os/188Os for Galápagos basalts together with published analyses for global OIBs. On the basis that FLO is a mixture of PLUME and 
HIMU-like mantle and has a 206Pb/204Pb of 21.2 (Harpp and White, 2001) we infer the 187Os/188Os of the FLO reservoir to be 0.147. Bulk mixing curves were calculated using 
reservoirs with the following values: lower crust (Os = 100 pgg−1, 187Os/188Os = 0.32 (see text for discussion) and 206Pb/204Pb = 17.8 to 20); DGM, Depleted Galápagos 
Mantle (187Os/188Os = 0.127, 206Pb/204Pb = 18.1); PLUME (187Os/188Os = 0.1296, 206Pb/204Pb = 18.9); 2 Ga recycled oceanic crust (Os = 3.1 pg g−1, 187Os/188Os = 2.74, 
Pb = 0.9 ng g−1, 206Pb/204Pb = 21.53). Melts from these mantle reservoirs were assumed to have 200 pgg−1 Os and 0.8 ng g−1 Pb. Those from sulﬁde-bearing Paciﬁc lower 
oceanic crust were assumed to have 100 pgg−1 Os and 0.5 ng g−1 Pb. Data sources are provided in a Supplementary File. Speciﬁc symbols refer to locations given in Fig. 1.5. What is the cause of large inter-island variations in Os isotope 
ratios of Galápagos basalts?
Variable extents of melting of different sulﬁde populations in 
the convecting mantle (Harvey et al., 2011), could generate varia-
tions in 187Os/188Os that are decoupled from those of lithophile 
isotopes in Galápagos basalts. For example, higher degree melt-
ing close to the plume stem might result in more Os-rich melts 
with less radiogenic Os, than more distal melts. Such a model 
could account for the variable 187Os/188Os in basalts with simi-
lar Os contents close to the plume stem, but not the wide range of 
187Os/188Os displayed by Galápagos basalts as a whole. On a plot of 
206Pb/204Pb versus 187Os/188Os, Galápagos basalts exhibit a broad 
negative correlation (Fig. 4), which implies they contain melts with 
high 187Os/188Os and low 206Pb/204Pb. The source of the radiogenic 
Os must have high time-averaged Re/Os and the most plausible ex-
planation is that it is either (i) ancient subducted oceanic crust in 
the convecting mantle, or (ii) 5 to 15 Ma Paciﬁc crust (Fig. S5).
While the Sr-, Nd-, Hf-, Pb- and Os-isotopic ratios of Floreana 
basalts are consistent with at least some ancient subducted mate-
rial undergoing melting in the Galápagos plume, a number of lines 
of evidence suggest that 187Os/188Os of other Galápagos magmas 
result instead from assimilation of Paciﬁc crust. First, the regional 
variability in 187Os/188Os shows a negative correlation (r = −0.61) 
with proposed lithological variations (i.e., pyroxenite or peridotite) 
in the Galápagos plume based on the parameterisation of elemen-
tal concentrations (Mg, Fe, Ni and Mn) in olivine (Vidito et al., 
2013, Figs. S6 and S7). Second, Galápagos basalts display broad 
systematic variations in 187Os/188Os with indices of crystal frac-
tionation, e.g. MgO (r = −0.87) and Ni (r = −0.83), implying that 
the variability in 187Os/188Os post-dates melt generation in the 
mantle. Finally, the spatial zonation in Os isotopes of Galápagos 
basalts can be directly linked to variations in the melt ﬂux from 
the Galápagos plume in to the crust (see below).
The sensitivity of 187Os/188Os ratios of oceanic basalts to as-
similation of crustal material is highly dependent upon magmatic 
Os contents (Fig. S8). Previous investigations have shown that OIBs with 30 to 50 pg g−1 Os are especially susceptible (e.g. Reisberg 
et al., 1993; Eisele et al., 2002; Class et al., 2009). Nevertheless, 
not all low-Os Galápagos basalts have high 187Os/188Os and, as we 
described above, the sample with the least radiogenic 187Os/188Os 
(Roca Redonda) has one of the lowest Os contents.
6. The origin of regional variations in crustal contamination of 
Galápagos plume-derived melts
Our conclusion that radiogenic Os isotope ratios of Galápagos 
basalts primarily reﬂect crustal assimilation is consistent with ﬁnd-
ings from whole-rock (Saal et al., 2007) and melt-inclusion data 
(Peterson et al., 2014). Saal et al. (2007) noted that some Galá-
pagos basalts erupted east of 91◦W have positive Sr anomalies 
on normalised multi-element plots, and suggested they are ev-
idence of crustal contamination in basalts erupted distal to the 
present-day plume stem. Our new Os isotope data show, however, 
that some basalts which lack a positive Sr anomaly have radio-
genic 187Os/188Os and may also have assimilated oceanic crust, 
such as alkaline basalts on western Santiago (Figs. 5 and S5). 
Their relatively high Sr, Pb, and Eu concentrations obscure any evi-
dence of a crustal contribution on normalised multi-element plots, 
but osmium isotopes are a more sensitive indicator of assimila-
tion. Because of the multiple causes of Sr variability in Galápa-
gos basalts the overall correlation of Sr with 187Os/188Os is weak 
(Fig. S6).
The variability in 187Os/188Os of Galápagos basalts does not di-
rectly correlate with age and hence thickness of the underlying 
Paciﬁc crust but subtle regional variations in lower crust composi-
tion potentially exert a control on the crustal processing of plume-
derived melts (Figs. 1 and S5). Much of the Galápagos platform is 
underlain by crust more than twice as thick as that currently form-
ing on the GSC above ambient temperature mantle (Feighner and 
Richards, 1994; Canales et al., 2002). The thickest Galápagos crust
352 S.A. Gibson et al. / Earth and Planetary Science Letters 449 (2016) 345–359Fig. 5. Comparison of primitive-mantle-normalised multi-element patterns of basalts from western (red symbols) and eastern Galápagos (blue symbols) with lower oceanic 
crust (Oman gabbro, Peucker-Ehrenbrink et al., 2012) and upper oceanic crust (504B, Bach et al., 2003). The positive Sr anomaly in melt inclusions from E. Santiago and 
Fernandina has been interpreted as evidence of diffusive interaction of a depleted melt with a plagioclase-rich cumulate in the oceanic crust (Peterson et al., 2014). Analyses 
of melt inclusions from global OIBs believed to have melt contributions from recycled oceanic crust (Hawaii) and underlying young crust (Galápagos and Iceland) are shown 
for comparison. Osmium isotopic data are given where known for speciﬁc samples. Data are from: Table 1, Supplementary Table 1 and sources are given in a Supplementary 
File. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)(up to 18 km) occurs beneath the western part of the platform, 
above the present-day plume stem (Feighner and Richards, 1994). 
The lower 6–8 km of this is likely dominated by maﬁc and ul-
tramaﬁc intrusions emplaced in ridge-generated crust (Richards et 
al., 2013). Away from the plume stem and east of ∼91◦W (Fig. 1) 
the crust is thinner (8–12 km) and weaker (Feighner and Richards, 
1994). The young (∼5 Ma) crust beneath the northeast of the 
archipelago was created when the Galápagos plume was located 
near the GSC and most likely consists of wehrlitic and gabbroic 
material, similar to that thought to form the basement of the Co-
cos and Carnegie ridges (Sallarès et al., 2003).6.1. Modelling the effects of crustal processing on 187Os/188Os of 
Galápagos magmas
With the exception of E64 (Volcan Darwin) and R9512 (Roca 
Redonda), Galápagos basalts fall on predicted fractional crystalli-
sation trends on MgO versus Os plots (Fig. 2), and show no ev-
idence of having accumulated an Os-rich phase. We have there-
fore used the equations of Nishimura (2012) to model assimilation 
fractional crystallisation (AFC) and thereby assess the effects of 
crustal interaction on both Os contents and 187Os/188Os ratios of 
Galápagos basalts (Fig. 6). While our AFC models assume a bulk 
DOs of 15, and that whole-rock compositions are representative of 
S.A. Gibson et al. / Earth and Planetary Science Letters 449 (2016) 345–359 353Fig. 6. Variation of Os and 187Os/188Os in Galápagos basalts. Data are from Table 1. Curves show the results of Assimilation Fractional Crystallisation modelling (Nishimura, 
2012) of a primitive Galápagos magma with 200 pgg−1 Os and 187Os/188Os of 0.129. (a) shows the effects of assimilating average upper and lower oceanic crust and also 
hypothetical lower oceanic crust containing hydrothermal sulﬁdes and 100 pg g−1 Os; (b) shows the effects of assimilating high Re/Os 10 Ma lower crust with 10 pg g−1 Os 
(Blusztajn et al., 2000) and (c) shows the effect of assimilating hypothetical lower oceanic crust containing hydrothermal sulﬁdes and 50 pg g−1 Os. Bulk DOs was set to 15 
for the early crystallising assemblage of olivine + Cr spinel + sulﬁde (see text for discussion). The ratio of assimilation to crystal fractionation (ra) and the % mass of the 
residual magma relative to the initial mass are shown on all plots. The Os contents and 187Os/188Os for average upper and lower oceanic crust are from Peucker-Ehrenbrink 
et al. (2003, 2012). Speciﬁc symbols refer to locations given in Fig. 1.
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and 187Os/188Os ratios of oceanic crust for which published data 
are limited (Gannoun et al., 2016).
Young upper crust in the Nazca plate as sampled by DSDP 504B 
can acquire high initial 187Os/188Os (0.173) but has a low mean Os 
content (23 pg g−1; Peucker-Ehrenbrink et al., 2003) and assimila-
tion of such material would have little effect on the Os isotopic 
ratios of Galápagos basalts with 100’s of pg g−1 Os (Fig. 6a). DSDP 
504B did not penetrate lower crust, and there are no Re–Os data 
for gabbros from here or elsewhere in the Paciﬁc, so we have used 
the hypothetical composition of global average lower oceanic crust 
proposed by Peucker-Ehrenbrink et al. (2012) in our AFC mod-
els. While this has high Os (55 pg g−1), moderate Re (427 pg g−1) 
but unradiogenic 187Os/188Os (0.142), relative to upper crust, AFC 
models (Fig. 6a) show this also cannot satisfactorily explain the ra-
diogenic 187Os/188Os of Galápagos basalts. Radiogenic in-growth of 
187Os for 10 Ma crust with MORB-like 187Os/188Osi (0.127) would 
only cause a small increase in 187Os/188Os (to 0.1345), which is 
lower than the ratio observed in most of the basalts, including 
some with Os in excess of 50 pg g−1 (Fig. 6a).
We also used the composition of high Re/Os lower oceanic 
crust from the SW Indian Ridge (DSDP 735B; Blusztajn et al., 
2000) in our AFC models (Fig. 6b). This contains 9 pgg−1 Os 
and 2153 pgg−1 Re, and is hence relatively evolved (Gannoun 
et al., 2016) so that the amount of 187Os generated by ra-
diogenic in-growth is large, and the 187Os/188Os of crust with 
an initial ratio of 0.127 increases over a 10 Ma time interval 
to 0.3205. While this high Re/Os lower oceanic crust can be 
used to satisfactorily model the range of Os and 187Os/188Os 
ratios in some basalts from western and southern Galápagos, 
contamination by crust of this composition cannot account for 
the combined high Os and radiogenic 187Os/188Os in the major-
ity of samples (Fig. 6b). This is because in AFC models there 
is a trade-off between the rate of assimilation to fractiona-
tion (ra) and the Os content of both the crust and magma: 
the amount of fractional crystallisation predicted by our mod-
els requires that, even for gabbros with 187Re/188Os as high as 
those reported by Blusztajn et al. (2000), any plausible contam-
inant for Galápagos basalts must have >∼ 50 pgg−1 Os (Fig. 6). 
The fact that the 187Os/188Os10Ma ratio of the postulated crustal 
contaminant for NE Galápagos basalts is more radiogenic (0.25 
to 0.3) and the Os content higher (50 to 100 pg g−1) than 
observed in the limited number of analyses of gabbros from 
lower oceanic crust (Blusztajn et al., 2000; Dale et al., 2007;
Peucker-Ehrenbrink et al., 2012) is an important ﬁnding from our 
study. We now explore mechanisms that might potentially cause 
an increase in the Re and Os contents of the crustal contami-
nant.
The origin of the 187Os/188Os variability of oceanic crust is 
not well understood (see Gannoun et al., 2016) but signiﬁcant 
amounts of Re (up to 75%) may reside in silicate phases (Dale 
et al., 2009a) and cumulate magnetite (Righter et al., 1998). Sul-
ﬁdes (e.g. chalcopyrite, pentlandite, pyrrhotite, pyrite) are the ma-
jor host of crustal Os (>90%) and also some Re (Dale et al., 2009a), 
and variable assimilation of these minerals may well explain some 
of the Galápagos Re–Os data. Since magmatic sulﬁdes have high 
Os but relatively low Re/Os, and unlikely to produce the elevated 
187Os/188Os of a plausible contaminant, we suggest that the sul-
ﬁdes precipitated from S-rich hydrothermal ﬂuids. Hydrothermal 
activity is evident in the upper parts of the oceanic crust – includ-
ing in DSDP 504B (Bach et al., 2003) – and alteration affects up to 
40% of gabbros (Nicolas et al., 2003).
According to Peucker-Ehrenbrink et al. (2003) ‘neither Holes 
504B or 735B are representative of altered oceanic crust in gen-
eral’ and it is therefore unsurprising that the published Re–Os data 
for these sites do not correspond to crust assimilated by Galápa-gos basalts. In the light of there being no appropriate end mem-
ber composition in the current 187Os/188Os oceanic crust database 
we used a series of hypothetical compositions. A best ﬁt to the 
observed 187Os/188Os ratios of basalts from central, northeastern 
and eastern Galápagos was obtained in AFC models using a hy-
pothetical, hydrothermal sulﬁde-rich gabbro with 100 pg g−1 Os, 
187Os/188Os of 0.3, ra values ranging from ∼0.2 to 0.6 and 30 
to 40% fractional crystallisation (Fig. 6a). If the Os content of the 
crust is only 50 pg g−1, then the maximum ra increases to 0.8 but 
the amount of fractional crystallisation decreases slightly to <30% 
(Fig. 6c). While the maximum estimated ra for high-MgO Galápa-
gos basalts is between 0.6 and 0.8, those with high 187Os/188Os 
from the west of the archipelago undergo less fractionation (20%) 
than those in the east (40%) for similar amounts of assimilation 
(Fig. 6a), i.e. crustal contamination is more sporadic but occurs at 
higher MgO contents and temperatures nearer the plume stem. 
The result of the model involving a contaminant with high Os 
(100 pg g−1) is in agreement with AFC models which have shown 
that the amount of assimilation is limited by the thermal energy of 
the magma and for most cases maximum assimilation rates are at-
tained very rapidly, i.e. at low amounts of fractional crystallisation 
(Bohrson and Spera, 2001). Our estimates of assimilation assume 
bulk crustal melting: selective melting of sulﬁdes would reduce 
the amount of fractionation required only as long as the melt is 
under-saturated in this phase, which is not the case for Galápagos 
(Figs. 2 and S2).
Mixing curves between isotopically different Galápagos melts 
and lower crust in 187Os/188Os and 87Sr/86Sr space (Fig. 3) re-
veal that, even with a contaminant containing 100 pgg−1 Os, 
assimilation of ∼40% highly-radiogenic oceanic crust would be 
required to explain the Os isotopic characteristics of Galápagos 
basalts with the most elevated 187Os/188Os and lowest 87Sr/86Sr 
ratios. This crust must also have a very high Re concentration, 
or at least have gained radiogenic 187Os through alteration. The 
predicted amounts of contamination for some Galápagos basalts 
are high but are consistent with the ﬁndings of Kvassnes and 
Grove (2008) who showed that ascending parental MORB magmas 
are capable of melting signiﬁcant amounts (50 wt.%) of gabbroic 
lower crust, while simultaneously crystallising olivine and subse-
quently plagioclase. We note that estimates of assimilation from 
Os in SW Indian Ridge MORB – which possess similarly radiogenic 
187Os/188Os to Galápagos – give lower values of around 10% as-
similation (Yang et al., 2013), but this is due to a model with only 
15 pg g−1 Os in the melt and the most radiogenic lower crust value 
(0.467) from Blusztajn et al. (2000). We envisage that primitive 
Galápagos-plume related magmas are ∼75 ◦C hotter than MORB 
and, given reasonable residence times and magma chamber ge-
ometries, would be readily able to melt lower crust.
6.2. The importance of plume melt ﬂux on 187Os/188Os of Galápagos 
basalts
Our ﬁndings show that the variability of 187Os/188Os in Galápa-
gos is to a large extent regionally controlled and related to both 
mantle and crustal processes (Fig. 7). This relationship has not pre-
viously been observed in OIBs. The most crustally-contaminated 
Galápagos magmas occur where there is a low magmatic ﬂux, 
i.e. where plume material is being dispersed laterally, and there 
is signiﬁcantly less upwelling (∼2 cmyr−1) than at the plume 
stem (∼7 cmyr−1), such as at E. Santiago, Genovesa and Pinta 
(Figs. 1 and S5; Saal et al., 2000). Volcanoes in the west of the 
archipelago are built on the massive Galápagos Platform, which is 
constructed entirely of regionally extensive lava ﬂows, and enor-
mous volumes of plume derived magma have already passed 
through the crust by the time the central volcanoes (e.g. Fer-
nandina) began their construction. The relatively low volumes 
S.A. Gibson et al. / Earth and Planetary Science Letters 449 (2016) 345–359 355Fig. 7. Schematic illustrations to show the relationship between melt ﬂux and 187Os/188Os beneath Fernandina and Genovesa which are located near and distal to the main 
zone of plume upwelling, respectively. The extent of crystal fractionation (F ) and rate of assimilation to fractionation (ra) are estimated from AFC models. 187Os/188Os data 
are from Table 1. Upwelling velocities are from U-series data (Saal et al., 2000). Lithospheric thickness estimates are from Gibson and Geist (2010).of melt generated by relatively passive adiabatic decompression 
of plume material beneath the northern and eastern islands 
(Gibson et al., 2015) would encourage the development of small 
lower-crustal magma chambers with low volume to surface ra-
tios. Magmatic plumbing systems involving a low ﬂux of melt 
from the Galápagos plume are likely to be complex, with mag-
mas following new ascent paths through the lithosphere, rather 
than previously established ﬂow channels. These conditions would 
encourage assimilation of surrounding gabbro. Indeed, the ele-
vated Os isotopic ratios of high-MgO Galápagos melts show that 
many were contaminated as soon as they began their migra-
tion through the crust, i.e. prior to undergoing extensive cool-
ing and crystal fractionation. In this respect our ﬁndings differ 
from those of Saal et al. (2007) who used more-highly frac-
tionated, plagioclase-saturated, MORB-like melt compositions to 
model the geochemical variations that might result from diffu-
sive interaction of Galápagos melts with plagioclase in the lower 
crust.
Our 187Os/188Os data suggest that assimilation of oceanic crust 
by Galápagos plume-derived melts is sporadic on short length 
scales, i.e. individual volcanic centres. The regional variations in 
187Os/188Os are best accounted for by differences in the extent 
of assimilation and fractional crystallisation. The observation that 
Galápagos basalts with the least enriched Sr-, Nd- and Pb-isotopic 
ratios have undergone the greatest amounts of crustal contamina-
tion is due to: (i) the off axis location of the Galápagos plume 
stem; and (ii) relatively thin lithosphere above the site of chan-
nelled plume ﬂow to the ridge (Gibson et al., 2015). It is the 
low melt ﬂux that causes magmas to stall, cool and fraction-
ate, and this explains the lack of lavas with primitive major-
element compositions. Nevertheless, our study has shown that 
while assimilation of hydrothermally-altered lower crust increases 
187Os/188Os ratios of Galápagos basalts, Sr-, Nd- and Pb-isotopic 
ratios are relatively unaffected by this process (because of the 
relatively small isotopic difference between primary melt and con-
taminant) and retain the signatures of their mantle source regions 
(cf. Fig. 3).7. Comparison of Galápagos Re–Os data with global OIBs
In general, a broad positive correlation exits between 187Os/
188Os of global OIBs with high Os (>50 pg g−1) and the age 
of the underlying lithosphere (Fig. 8). For OIBs formed on old 
lithosphere, such as Hawaii, Canaries and Cook Austral, the high 
187Os/188Os could be due to either: (i) older, thicker lithosphere 
limiting the amount of adiabatic decompression melting in the un-
derlying mantle plume and therefore enhancing the effect of any 
pyroxenite melting relative to peridotite, or (ii) assimilation of ‘old’ 
crust with more radiogenic 187Os/188Os. In Fig. 8 it is clear that 
some high Os Galápagos basalts have more radiogenic 187Os/188Os 
than basalts formed on young lithosphere (<50 Ma) such as at Ice-
land, the Azores and Pitcairn, and as discussed above we attribute 
this to assimilation of crust during relatively early stages of crys-
tallisation at Galápagos.
While the 187Os/188Os ratios of oceanic crust are typically as-
sumed to correlate with age, due to decay of 187Re, the ele-
vated 187Os/188Os ratios of some recent Galápagos basalts are 
testimony to the assimilation of young (<10 Ma), hydrothermal 
sulﬁde-bearing, Re- and Os-rich lower oceanic crust. Our AFC 
models suggest that this has a more radiogenic Os isotopic sig-
nature than previously supposed in studies of oceanic basalts, 
which have assumed 187Os/188Os ratios of fresh gabbro for lower 
oceanic crust, e.g. Yang et al. (2013). This ﬁnding has funda-
mental implications for how Re–Os data are interpreted. For ex-
ample, the involvement of high Re/Os recycled ancient maﬁc 
components (eclogite/pyroxenite) in the convecting mantle to ex-
plain the radiogenic 187Os/188Os of many Os-rich global OIBs (e.g.
Lassiter and Hauri, 1998; Skovgaard et al., 2001; Class et al., 2009;
Day et al., 2009) need not be so strongly invoked if assimilation 
of even young oceanic crust may overprint the Os isotopic sig-
nature of magmas with Os contents ≤100 pg g−1. What remains 
uncertain is whether or not gabbro with radiogenic 187Os/188Os is 
restricted to hydrothermally-altered, sulﬁde-rich crust that formed 
at spreading centres or may also occur in plume-formed crust 
generated away from mid-ocean ridges. The marked increase in 
Os isotopic ratios with distance from the upwelling plume stem 
356 S.A. Gibson et al. / Earth and Planetary Science Letters 449 (2016) 345–359Fig. 8. Comparison of 187Os/188Os in global MORB and OIBs according to age of 
the underlying lithosphere. Basalts are divided in to low Os and high Os groups 
based on a threshold of 50 pg g−1, the canonical maximum value used to ﬁlter 
effects of crustal contamination. Note the general increase in range of 187Os/188Os 
in basalts with >50 pg g−1 and age of the underlying lithosphere. Galápagos basalts 
with >50 pg g−1 Os are unusual in that they have relatively high 187Os/188Os given 
the young age of the underlying lithosphere (as indicated by thick dashed line). 
Data sources are given in a Supplementary File.
that we observe in Galápagos has not been reported from other 
global suites of oceanic basalts and may depend on the near-
ridge setting of Galápagos and also the unique widespread dis-
tribution of active volcanism in the archipelago. Nevertheless, 
changes in Os isotopic ratios related to temporal variations in melt 
ﬂux have been inferred for both Iceland (Skovgaard et al., 2001;
Debaille et al., 2009) and Hawaii (Gaffney et al., 2005).
Galápagos basalts are exceptional in that, although erupted in a 
near-ridge setting, they have radiogenic 187Os/188Os at relatively 
high MgO and Os contents (100 pgg−1; Figs. 8 and 9), which 
suggests contamination occurs at an earlier stage in crustal pro-
cessing than has been identiﬁed in many other OIBs. The volume 
ﬂux of melt estimated for the present-day Galápagos plume (2.8 ±
1.6 m3/s) is less than half that of Hawaii (5.0 ±3.7 m3/s) and Ice-
land (9.2 ± 6.7 m3/s; Sallarès and Charvis, 2003) and we suggest 
this controls the introduction of crustal Os into OIBs with moder-
ate to high Os contents. Furthermore, the Galápagos plume gener-
ates less melt than near-axis hotspots such as the Azores, Pitcairn 
and Iceland because it impacts beneath thicker lithosphere. An im-
portant ﬁrst order observation is that many Galápagos basalts with 
radiogenic 187Os/188Os were erupted from volcanoes located dis-tal to the plume stem (i.e. region of greatest upwelling; Figs. 1 and 
S5) and we anticipate these will have magma chambers supplied 
by the lowest melt ﬂux. Moreover, the distinct isotopic signature 
(White et al., 1993) and olivine chemistry (Vidito et al., 2013) of 
each Galápagos volcano suggest they are each underlain by a rela-
tively small magma chamber in comparison to Hawaii and Iceland.
8. Conclusions
Our new Re–Os isotopic data for Galápagos basalts reveal a 
large systematic regional variation in 187Os/188Os composition, 
which represents both mantle and crustal processes. Basalts re-
cently erupted near the western margin of the Galápagos platform 
(Fernandina and Roca Redonda) and at the leading edge of the 
hotspot track are the least radiogenic (187Os/188Os ∼0.130). This 
is consistent with the presence of a mantle reservoir in the Galá-
pagos plume resembling the “C”-like global plume component. In 
Os–Pb isotopic space, basalts from Floreana fall on a mixing curve 
between global “C” and HIMU mantle reservoirs and conﬁrm that 
ancient recycled crust with elevated 187Os/188Os and 206Pb/204Pb 
is melting in the southern part of the upwelling Galápagos plume 
(Harpp et al., 2014). These ﬁndings concur with previous studies 
that have suggested the Galápagos plume is compositionally zoned 
(e.g. White et al., 1993; Hoernle et al., 2000).
A key ﬁnding is that basalts with radiogenic 187Os/188Os were 
erupted from volcanoes distal to the main zone of Galápagos 
plume upwelling, where plume material is laterally dispersed, i.e.
in central and northeast parts of the archipelago. There is no cor-
relation of 187Os/188Os with purported lithological variations in 
the Galápagos plume (Vidito et al., 2013) but positive correla-
tions of 187Os/188Os with indices of crystal fractionation (Os, Ni, 
Cr and MgO) suggest that large variations in 187Os/188Os are re-
lated to lithospheric processing, involving assimilation of lower 
oceanic crust during crystal fractionation, rather than mantle melt-
ing. In order to account for the observed variability in Os isotopic 
ratios we suggest that ridge-formed oceanic crust underlying Galá-
pagos is enriched in radiogenic 187Os, probably in the form of Os-
and Re-rich hydrothermal sulﬁdes. Such material, or simply older 
oceanic crustal material, may also explain the elevated 187Os/188Os 
of some other OIBs, including those that have been linked to melt-
ing of ancient pyroxenitic material.
The potential of Galápagos mantle plume-derived melts to as-
similate Paciﬁc lower crust is inﬂuenced by the melt ﬂux and 
crustal residence times, which themselves are dependent upon the 
density difference between magma and crust. The lower melt ﬂux 
of the Galápagos plume relative to the Hawaiian and Icelandic 
plumes may account for the early onset of contamination (ex-
pressed by MgO and Os contents) in ascending melts. Our ﬁndings 
from Galápagos show that, provided the rate of assimilation to 
crystal fractionation is low (<0.2), a threshold bulk-rock Os con-
tent of 30–50 pgg−1 is an appropriate contamination ﬁlter for 
melts which have ascended through the estimated young lower 
oceanic crust of Peucker-Ehrenbrink et al. (2012). If, however, the 
oceanic crust has a greater concentration of Os, higher 187Os/188Os 
ratio, or the rate of assimilation to crystal fractionation is much 
higher, then the contamination ﬁlter threshold should be set at a 
greater Os content.
The causes of the large variability in 187Os/188Os that we have 
identiﬁed in Galápagos basalts have important implications for 
187Os/188Os in global OIBs associated with weak mantle plumes 
(e.g. those at the end of long-lived hot spot tracks) and also off-
axis mantle plumes, such as Tristan da Cunha, Bouvet, Crozet and 
St Helena. We urge caution in attributing radiogenic 187Os/188Os in 
basalts, especially associated with these hotspots, solely to litho-
logical heterogeneity (recycled oceanic crust) in the convecting 
mantle, particularly in low Os basalts.
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erupted on old oceanic crust with 187Os/188Os of average lower oceanic crust age corrected to 150 Ma (0.221) and Os = 55 pg g−1 (Blusztajn et al., 2000). The threshold of 
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